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An immobilization scheme for bacterial cells is described, in which the antimicrobial peptide cecropin P1
was used to trap Escherichia coli K-12 and O157:H7 cells on microtiter plate well surfaces. Cecropin P1 was
covalently attached to the well surfaces, and E. coli cells were allowed to bind to the peptide-coated surface. The
immobilized cells were detected colorimetrically with an anti-E. coli antibody-horseradish peroxidase conju-
gate. Binding curves were obtained in which the signal intensities were dependent upon the cell concentration
and upon the amount of peptide attached to the well surface. After normalization for the amount of peptide
coupled to the surface and the relative binding affinity of the antibody for each strain, the binding data were
compared, which indicated that there was a strong preference for E. coli O157:H7 over E. coli K-12. The cells
could be immobilized reproducibly at pH values ranging from 5 to 10 and at ionic strengths up to 0.50 M.

Cecropins are a class of antimicrobial peptides which exhibit
selectivity for prokaryotic cells over eukaryotic cells (24). They
are largely alpha-helical and consist of an amphipathic N-
terminal helix and a hydrophobic C-terminal helix (7, 21). The
mechanism by which these peptides kill is not fully understood,
however. It has been demonstrated that insect cecropins can
aggregate at high peptide/lipid ratios (13). Positively charged
residues on the N-terminal helix interact preferentially with
acidic phospholipid membranes (7, 8). The hydrophobic C-
terminal helix can interact with hydrophobic lipids, allowing
the penetration of the lipid bilayer in a manner similar to that
proposed for magainins and dermaseptins (18, 26). Cecropins
have also been shown to form ion channels in planar lipid
bilayers (5, 6). However, conflicting data have been reported;
attenuated total reflectance Fourier transform infrared spec-
troscopy studies have shown that cecropin P1 orients itself
parallel to planar lipid bilayers, suggesting that the C-terminal
helix does not penetrate into the membrane to form a channel
(9). This supports a carpet mechanism, in which the peptide
binds to negatively charged elements and orients itself on the
membrane surface in such a way as to destabilize it, leading to
cell lysis. Finally, cecropin P1 has been shown to kill only when
sufficient peptide is present, enabling the formation of a mono-
layer over the cell (25). Here we propose that the inherent cell
binding properties of cecropin P1 can be used to immobilize
bacterial cells on solid surfaces.

Immobilized cells have been used in a wide spectrum of
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applications, such as degradation of phenols (14), production
of ethanol (15), and biosensors (19). The methods of cell
immobilization include nonspecific adsorption, covalent at-
tachment, and entrapment. Immobilization by nonspecific ad-
sorption may require a long incubation time (up to 12 h) and
is sensitive to changes in pH, temperature, and ionic strength.
All of these factors can result in removal of cells from the
surface (29). Covalent attachment is often achieved by activat-
ing some surface with a cross-linker, such as glutaraldehyde,
and then attaching the cell through surface amine groups (10).
Cells can also be immobilized by the formation of coordinate
bonds with metal-activated supports (3). Although effective,
covalent attachment can result in a loss of cell activity and
viability. Entrapment can be accomplished by forming gels
around the cells. Gels have been made from alginates (2),
carrageenans (4), and polyacrylamide (22). Materials such as
cellulose acetate have been used to form membranes around
cells. None of these methods utilize any specific affinity binding
mechanisms that may produce cell immobilization strategies
with the ability to effortlessly regenerate active surfaces.

We aim to demonstrate that the affinity of cecropin P1 for
bacterial cells may provide an alternative way of immobilizing
such cells on surfaces such as microplate wells. This affinity-
based approach would alleviate the need for covalent attach-
ment, trapping, and adsorption, as well as the problems asso-
ciated with each method. The fact that a large dose of the
peptide is required to lyse cells suggests that, if immobilized in
smaller quantities, the peptide can capture cells on a surface
without disrupting the cell membrane. Here, a method for
immobilizing Escherichia coli cells on microtiter plate well sur-
faces with the antimicrobial peptide cecropin P1 is described.
The peptide was immobilized through amine residues in maleic
anhydride-functionalized microtiter plate wells. E. coli K-12
and a nonpathogenic strain of E. coli O157:H7 were immobi-
lized on the peptide-coated surface and subsequently detected
by using a rabbit anti-£. coli antibody-horseradish peroxidase
conjugate. Binding curves were obtained with signal intensities
that were dependent upon the concentration of cells and the
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amount of peptide coupled to the surface. These curves indi-
cated that under mild pH conditions, the peptide bound to E.
coli O157:H7 more strongly than it bound to E. coli K-12. Cells
could be immobilized in a pH range from 5 to 10, and E. coli
0157:H7 was more efficiently immobilized at pH 5 to 8. E. coli
K-12 could be immobilized over a pH range from 5 to 10. The
peptide was not able to bind to cells at ionic strengths greater
than 0.5 M.

MATERIALS AND METHODS

Attachment of cecropin P1 to microplate well surfaces, Cecropin P1(Sigma, St.
Louis, Mo.) was dissolved in phosphate-buffered saline (PBS) (100 mM sodium
phosphate, 0.1 M NaCl; pH 7.2) at concentrations of 100, 50, and 25 pg/ml.
Aliquots (100 ul) of the cecropin P1 solutions were added to the wells of a
Reacti-bind maleic anhydride-functionalized microtiter plate (Pierce, Rockford,
1IL). A total of 32 wells were used for each concentration of peptide. The plate
was covered and shaken overnight at room temperature, after which the plate
wells were rinsed three times with PBS. To cap any unreacted maleic anhydride
groups, 10% (volfvol) ethanolamine in PBS was added to the wells, and the plate
was shaken for 1 h at room temperature; this was followed by three more rinses
with PBS.

To determine the amount of cecropin P1 bound to the plate well surfaces,
sulfosuccinimidyl-4-O-(4,4’-dimethoxytrityl)butyrate (Pierce) was dissolved in
100 mM sodium bicarbonate (pH 8.5) to a final concentration of 0.1 mM.
Portions (100 pl) of this solution were added to the first four wells of each block
of 32 wells. The same volume of bicarbonate buffer was added to four more wells
of each block for use as a blank. The plate was shaken for 1 h at room temper-
ature. The wells were then rinsed three times with PBS, and color development
was initiated by addition of 250 pl of 37% perchloric acid. The absorbance at 498
nm was determined. The absorbance data were used to calculate the number of
moles of free amine groups.

Immobilization and detection of E. coli K-12 and O157:H7. In the following
procedures, all microplate incubations were carried out at room temperature
with mild shaking, unless otherwise specified. The concentrations of viable cells
in the cultures were determined by diluting the cultures, plating the dilutions on
Luria-Bertani- agar plates, and counting the number of resultant colonies. A
blocking:solution consisting of 50 mM Tris (pH 7.8) supplemented with 1%
(wtfvol) bovine serum albumin (BSA) was added in 100-ul aliquots to each well.
The plate was shaken at room temperature for 1 h, and the wells were rinsed
three times with the Tris buffer. Overnight cultures of E. coli K-12 (Pierce) and
nonpathogenic E. coli O157:H7 strain ATCC 43888 (American Type Culture
Collection, Rockville, Md.) were.grown in Luria-Bertani medium at 37°C with
shaking. Serial dilutions of the-cell cultures were prepared in Tris buffer. The
dilutions were added to the plate wells in 200-pl aliquots. Four replicates of each
dilution were used. A blank was made with Tris buffer and no cells. The plate was
then incubated for 2'h, and thiswas followed by three rinses with Tris buffer. One
hundred microliters of rabbit ‘anti-E; coli antibody-horseradish peroxidase con-
jugate (Virostat Inc., Portland, Maine) diluted 1:500 in Tris buffer supplemented
with 6% (wt/vol) BSA was added to each well, and the plate was incubated for
1 h. The wells were rinsed six times with 10 mM Tris (pH 7.8)-0.15 M NaCl-
0.05% (volfvol) Tween 20. Immunopure 3,3,5,5'-tetramethylbenzidine substrate
(Pierce) was prepared according to the manufacturer’s instructions. The sub-
strate solution was added in 100-pl aliquots to the wells. The color was allowed
to develop for 25 min, and the reaction was stopped by addition of an equal
volume of 2 M sulfuric acid. The absorbance at 450 nm was then determined by
using a reference wavelength of 550 nm.

Comparison of the relative binding affinities of rabbit anti-E. coli for E. coli
O157:H7 and K-12. Overnight cultures of E. coli O157 (nonpathogenic) and E.
coli K-12 were grown with shaking at 37°C in Luria-Bertani broth until an optical
density at 600 nm of approximately 2.0 was reached. The cells were diluied 1:10
in 50 mM sodium bicarbonate (pH 9.6) and added to the wells of a Nunc
Maxisorp microtiter plate (Fisher, Hanover Park, 1IL.). The amount added cor-
responded to a saturating amount of cells. The plate was then covered and
incubated for 3 h at 37°C. The wells were washed three times with PBS and
subsequently blocked at room temperature with 200 pl of 1% BSA for 1 h. The
wells were rinsed again with PBS. Rabbit anti-E. coli antibody-horseradish per-
oxidase conjugate was then diluted 1:50, 1:100, 1:200, 1:400, 1:800, 1:1,600,
1:3,200, and 1:6,400 in 0.75% BSA. Three 100-u! aliguots of each dilution were
added to the wells, and the plate was incubated at room temperature for 1 h. The
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FIG. 1. Immobilization of E. coli O157:H7 on cecropin Pl-coated
microplate wells. Cells were immobilized in wells containing 33 = 1
pmol (O), 26 + 3 pmol (@), and 20 * 1 pmol (M) of cecropin P1.

wells were rinsed four times with PBS. Color development and measurement of
absorbance were carried out as described above.

The data were plotted as absorbance versus the logarithm of the dilution factor
of the antibody. The resulting binding curves were then fitted to a four-param-
eter logistic equation with ABI Prism 3.0. The slope at the center of cach curve
was determined and used as a measure of the relative binding affinity of the
antibody for the two E. coli strains.

pH study. Overnight cultures of E. coli K-12 and O157:H7 were diluted in the
following buffers: 50 mM sodium acetate (pH 5.0), 50 mM morpholineethane-
sulfonic acid (MES) (pH 6.0), 50 mM sodium phosphate (pH 7.0), 50 mM Tris
(pH 8.0), 50 mM 2-(cyclohexylamino)ethanesulfonic acid (pH 9.0), and 50 mM
3-(cyclohexylamino)-1-propanesulfonic acid (pH 10.0). Immobilization and de-
tection of the cells were carried out as described above.

Ionic strength study. Overnight cultures of E. coli K-12 and O157:H7 were
diluted in 50 mM Tris (pH 7.8) supplemented with 0.05, 0.1, 0.25, 0.5, and 1.0 M
NaCl. The ionic strength of each solution was calculated based on the buffer
composition and the concentration of NaCl. Immobilization and detection of the
cells were carried out as described above.

RESULTS

In order to demonstrate that the interaction between
cecropin P1 and bacterial cells could be used to develop an
affinity-based immobilization scheme for the cells, binding
curves were obtained for experiments in which increasing con-
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FIG. 2. Immobilization of E. coli K-12 on cecropin P1. Cells were
immobilized in microplate wells containing 40 = 1 pmol (O), 31 + 1
pmol (@), and 25 = 1 pmol (#) of cecropin P1. .
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parison of binding curves for E. coli O157:H7 (O) and

ecropin P1. Data were plotted as absorbance at 450 nm
f-cecropin per slope versus log CFU. The number of
seropin reflects the amount of peptide coupled to the
\ce, whereas the slope is the slope of the center of the
rve for each strain binding to anti-E. coli antibody-horse-
xxdase conjugate.

of bacterial cells were immobilized in microtiter
ated with different amounts of cecropin P1. Fig-
thebinding curves obtained for the immobilization
57:H7. As expected, both the steepness of the
maximum signal decreased as the amount of
he surface decreased, indicating that the signal was
the binding of the peptide to the cells and not
nspecific adsorption of the cells on the plate well
nding curves obtained with very small amounts of
or-no cecropin P1 gave signals that were not
different from the background signals (data not
inding curves for E. coli K-12 are shown in Fig.
trend was observed, but the curve steepness and
gnals suggest that cecropin P1 did not bind to the
as tightly as it bound to the O157:H7 strain. An
cature of these curves is that no saturation oc-
aller amounts of peptide. Assuming a standard
odel of binding, one would expect to see satura-
concentrations of cells with smaller amounts of
he surface. However, this is not the case. In these
ts and in the development and optimization of the
Lsed, this phenomenon always occurred. The reasons
main unclear.

- to compare the relative binding affinities of E. coli
and K-12 for the rabbit anti-E. coli antibody, binding
the two strains were determined (data not shown).
pes of the centers of the two curves were determined
15 a measure of the relative binding affinities of the
ains. The slope of the E. coli O157:H7 curve was ap-
ately twice that of the E. coli K-12 curve. The slopes
then used to adjust the absorbance data for a direct
ison of the binding of the two strains to cecropin P1.
direct comparison of the E. coli 0157 and K-12 binding
_shown in Fig. 3. For this figure, the signals were
mahzed with respect to the amount of peptide bound in the
ells, as well as the relative binding affinity of the antibody for
e strain. The data are plotted as absorbance at 450 nm per
picomoles of cecropin per slope, where the slope is the slope
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FIG. 4. pH profiles for E. coli O157:H7 (A) and K-12 (B) immo-
bilized on cecropin P1.

calculated from the binding data for each strain with the an-
ti-E. coli antibody. This comparison suggests that cecropin P1,
when coupled to a surface, preferentially binds to £. coli O157:
H7. Clearly, the fact that the relative binding affinities of the
two strains for the antibody differ by a factor of approximately
two makes little difference.

In order to determine the effect of pH on the interaction
between cecropin P1 and the cells, both E. coli strains were
diluted in buffers with pH values ranging from 5 to 10. The
cells were incubated in the plate wells and were detected as
described above. Figure 4 shows that cecropin P1 captured
cells at pH values from 5 to 10, although E. coli O157:H7 was
bound more efficiently at lower pH values (pH 5 to 7). Figure
5 shows the effect of ionic strength on the interaction between
the peptide and the cells. E. coli O157:H7 could be immobi-
lized effectively at an ionic strength of only 50 mM, but the
signal dropped to less than 80% of the maximum signal at an
ionic strength of 0.1 M or more. E. coli K-12 was able to
withstand ionic strengths up to 0.5 M.

DISCUSSION

We demonstrated the feasibility of using the antimicrobial
peptide cecropin P1 to immobilize bacterial cells on solid sur-
faces. Cells could be immobilized at a pH range from 5 to 10,
and E. coli O157:H7 was more efficiently immobilized at pH 5
to 7. Since the positively charged residues of cecropin P1 are
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FIG. 5. Effect of ionic strength on the binding of E. coli O157:H7
(A) and K-12 (B) to cecropin P1.

involved in the initial binding to cell surfaces, it could be
supposed that the binding interaction might be stronger at
lower pH values, because the population of amine-containing
residues would be more highly protonated. The peptide was
not able to bind to cells at ionic strengths greater than 0.5 M.
The sharp reduction in binding at ionic strengths greater than
0.5 M may have been due to interference with the initial
charge-charge interaction between the N-terminal helix of
cecropin P1 and cell surface groups or to release of the cell
periplasm by an osmotic shock effect. To our surprise, cecropin
P1 bound to E. coli O157:H7 cells more strongly than it bound
to E. coli K-12 cells. The maximum signal obtained for K-12
was approximately 23-fold lower than that obtained for O157:
H7.

Many excellent reports that provide insight into the impor-
tance of peptide sequences and structures in antimicrobial
activity have been published (for a review see reference 23). In
several cases, it has been demonstrated that antimicrobial ac-
tivity does not correlate with binding affinity (25, 27). When
binding affinity and antimicrobial activity are not interrelated,
the peptide often binds to the membrane with high affinity but
lacks the ability to exhibit antimicrobial activity. Several factors
have been implicated in cell binding, including peptide se-
quence, chirality, hydrophobicity, and helicity (1, 12, 16, 28).
Understanding the biophysical properties that drive these pep-
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tide-cell interactions is essential for rationally designing pep-
tides with better specificity and selectivity.

In the present study, however, peptide structure remained
constant and therefore could not explain the preferential bind-
ing observed. More likely, differences in cell surface chemistry
between the two strains of E. coli were responsible for the
specific binding. Studies of the surface localization of outer
membrane constituents indicate that lipopolysaccharide is the
most likely site of antimicrobial peptide binding (17, 20, 27).
Lipopolysaccharide is an amphipathic molecule with a hydro-
phobic, well-conserved lipid A region and a highly variable
hydrophilic region. The hydrophilic portion consists of an oli-
gosaccharide core, which usually is replaced by the O antigen.
Even within a single species like E. coli, the O antigen shows
extreme diversity and can therefore contribute considerably to
the net charge and chemical composition of the bacterial cell
surface (11). The preferential binding observed in these studies
may be due to the fact that the K-12 strain lacks both the O and
H antigens that O157:H7 possesses.

It is important to explore the selective binding of antimicro-
bial peptides to cell surfaces in greater detail, in particular with
regard to ionic strength, temperature, pH, and peptide se-
quence. Elucidation of cell type-specific binding domains and
essential amino acid motifs could create an opportunity to
tailor peptides and peptide hybrids for enhanced selectivity.

Finally, the affinity-based cell capture approach may provide
an alternative method of cell immobilization, which does not
depend upon covalent attachment, trapping, or adsorption.
The potential applications for this approach include immobi-
lization of cells for whole-cell sensing, cell-based detoxification
of toxic organic compounds, and study of the binding charac-
teristics of various antimicrobial peptides and cells. The fact
that certain antimicrobial peptides bind various microorgan-
isms with different affinities might have applications in sensing
and identifying cells. :
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